Anticoagulants play a significant role in stroke prevention caused by atrial fibrillation (AF), which is the most common cardiac arrhythmia. It is estimated that more than five million people in the USA and more than eight million people in Europe have AF. 1 For many years, vitamin K antagonists, such as warfarin, were the only oral anticoagulant for stroke prevention in AF. However, variability in dose response among patients, their slow onset and offset of action, requirement for frequent laboratory monitoring and extensive drug and food interactions make their use complicated. 2 Since 2010, four other oral anticoagulants have been approved for prevention of stroke in patients with AF. Dabigatran, a direct thrombin inhibitor, and apixaban, edoxaban and rivaroxaban, all factor Xa inhibitors, collectively called direct oral anticoagulants (DOACs), have all been demonstrated to be at least non-inferior to warfarin in terms of stroke prevention and reduction in certain major bleeding events such as intra-cranial haemorrhage. [3] [4] [5] [6] DOACs have gained popularity due to the lack of frequent laboratory monitoring required and relatively few drug and food interactions, compared with warfarin. However, warfarin is far from becoming an obsolete therapy due to extensive evidence and clinical experience in its use in patients with AF and various comorbidities. There is still limited evidence in the use of DOACs in many AF patient subpopulations, such as patients with AF and concurrent renal dysfunction, patients with valvular heart disease or valve replacement, patients with AF undergoing electrical cardioversion or radiofrequency ablation, and patients with AF who undergo percutaneous coronary intervention (PCI). This article reviews published evidence in the use of DOACs in stroke prevention in AF, focusing on updates in their use in special populations since the publication of the four original landmark comparative trials to warfarin.
Study selection and data extraction
Peer-reviewed clinical trials, review articles and relevant treatment guidelines were identified from the MEDLINE and Current Content databases (both from 1 January 1966 to 31 August 2018) using the search terms 'apixaban', 'dabigatran', 'edoxaban', 'rivaroxaban' and 'atrial fibrillation'.
Citations from available articles were also reviewed for additional references. Thirty-seven studies are included for review and discussion. Table 1 summarises the results of these studies. 
Clinical efficacy in non-valvular atrial fibrillation
The clinical efficacy of all DOACs in terms of stroke prevention in AF was established in large-scale phase III randomised, active control (compared with warfarin) trials in patients specifically with non-valvular AF. The RE-LY (Randomized Evaluation of Long Term Anticoagulant Therapy) trial was a non-inferiority, double-blind, randomised controlled study that compared 6 All four studies enrolled patients with one or more risk factors for stroke. The mean CHADS2 score for patients was 2.1 for both the ARISTOTLE and RE-LY trials, but was slightly higher for patients in ROCKET AF (CHADS2 3.5) and ENGAGE-AF TIMI 48 (CHADS2 2.8). [3] [4] [5] [6] In RE-LY, the lower dose of dabigatran was demonstrated to be non-inferior to warfarin for the primary endpoint of stroke or systemic embolism (SSE), while the higher dose was superior to warfarin. Incidence of haemorrhagic stroke was significantly lower for both of the dabigatran doses. 3 In ROCKET AF, rivaroxaban was non-inferior to warfarin for the primary endpoint (prevention of SSE). 4 A similar bleeding rate was observed with both rivaroxaban and warfarin. In the ARISTOTLE trial, apixaban significantly reduced the risk of SSE compared with warfarin. 5 Rates of major and non-major clinically relevant bleeding were also significantly lower with apixaban compared with warfarin. 5 In ENGAGE-AF TIMI 48, edoxaban was non-inferior to warfarin for prevention of SSE. 6 The overall bleeding risk was similar to warfarin. 6 Overall, compared with warfarin, the incidence of major bleeding was significantly lower for dabigatran 110 mg twice daily and apixaban 5 mg twice daily and similar for dabigatran 150 mg twice daily, rivaroxaban 20 mg once daily and edoxaban 30 mg and 60 mg daily. [3] [4] [5] [6] The annual rate of intracranial bleeding was significantly lower than with warfarin for all the DOACs. [3] [4] [5] [6] By contrast, gastrointestinal bleeding was significantly more frequent with dabigatran 150 mg twice daily, rivaroxaban 20 mg daily and edoxaban 60 mg daily, but similar for dabigatran 110 mg twice daily and apixaban 5 mg twice daily. [4] [5] [6] Edoxaban 30 mg daily has a significantly lower incidence of gastrointestinal bleeding compared with warfarin. 6 In addition, rates of life-threatening bleeding with dabigatran 110 mg twice daily and 150 mg twice daily and fatal bleeding with rivaroxaban 20 mg daily and apixaban 5 mg twice daily, as well as edoxaban 60 mg and 30 mg were all significantly lower compared with warfarin. [3] [4] [5] Therefore, in general, DOACs appeared to have at least similar bleeding risk to warfarin (if not lower for some major bleeding such as intracranial 
Use in special populations

Use in patients with renal diseases
In the first major phase III clinical trials of each of the DOACs, patients who had significant renal dysfunction were excluded from the rivaroxaban (CrCl <30 mL/min), apixaban (CrCl <25 mL/min), dabigatran (CrCl <30 mL/min) and edoxaban (CrCl <30 mL/min) studies. [3] [4] [5] [6] A post-hoc analysis of the RE-LY trial evaluated efficacy versus risk in patients with CrCl >80 mL/min versus those who have CrCl 30-80 mL/min. 7 Dabigatran 150 mg twice daily dose was associated with a lower risk of thromboembolic events compared with warfarin among patients with CrCl <80 mL/min but was non-inferior among patients with In a post-hoc analysis of ARISTOTLE, apixaban was superior to warfarin with respect to thromboembolic outcomes in the subgroup of patients with CrCl 50-80 mL/min. 9 Apixaban was associated with a significantly lower risk of major bleeding among patients with CrCl ≤50 mL/min and 50-80 mL/min compared with warfarin, but similar in those with CrCl >80 mL/min.
Similar post-hoc analyses of the ENGAGE-AF TIMI 48 study demonstrated that the rate of thromboembolic events in the edoxaban group increased as renal function improved. 10 When the rate of thromboembolic events was analysed according to quintile of CrCl, patients with CrCl 77.9-98.1 mL/min and >98.1 mL/min who received edoxaban had a higher risk of thromboembolic events compared with warfarin patients.
Bleeding rates were lower at all levels of CrCl with edoxaban compared with warfarin.
Most recently, the use of DOACs in patients with end-stage renal diseases has been examined. Early data suggest, however, that off-label use of dabigatran and rivaroxaban in patients on dialysis is occurring in routine clinical practice and may be associated with adverse outcomes. 30 However, based on pharmacokinetic data, the FDA approved an updated label that recommended standard-dose apixaban in patients on haemodialysis. 31 A retrospective cohort study of 25,523 (2,351 apixaban; 23,172 warfarin)
Medicare beneficiaries with end-stage kidney disease undergoing dialysis and AF who were receiving apixaban or warfarin were matched based on prognostic score and compared. 32 In 
Patients with obesity
The FDA conducted an analysis that compared the rates of adverse However, prospective studies are needed to confirm this result.
Stroke prevention peri-cardioversion
Restoration of sinus rhythm with electrical cardioversion is a treatment option for AF. However, the peri-procedural risk of stroke is well established as thrombi hiding in the left atria may be dislodged during cardioversion. 15 Current AF management guidelines recommend that therapeutic anticoagulation be used for at least 3 weeks prior to electrical cardioversion for AF with unknown duration or duration greater than 48 hours, and continued for a minimum of 4 weeks after cardioversion. 33 Post-hoc analyses of patients undergoing cardioversion from the four major DOAC trials have demonstrated similar rates of thromboembolic events in patients receiving DOACs compared with warfarin. Two prospective studies also confirmed such findings. The 
Use in catheter ablation
Radiofrequency ablation is a treatment option for symptomatic AF failing treatment with antiarrhythmic agents. While radiofrequency ablation may restore normal sinus rhythm, risk of stroke is increased throughout the perioperative period. The current 2017 American College of Cardiology guidelines recommend that patients undergoing ablation should receive oral anticoagulation beforehand, uninterrupted throughout the procedure and up to 2 months after the procedure (Class I for warfarin, dabigatran and rivaroxaban; Class II for other DOACs). 34 During the procedure, it is recommended that heparin be given titrated to an activated clotting time (ACT) >300 seconds. In VENTURE-AF (A Study
Exploring Two Treatment Strategies in Patients With Atrial Fibrillation
Who Undergo Catheter Ablation Therapy), efficacy of uninterrupted rivaroxaban and warfarin were compared in patients undergoing ablation. Rates of thromboembolic events and bleeding were similar.
However, patients who were randomised to rivaroxaban compared with warfarin required more units of heparin (mean 13,871 units versus 10,964 units, p<0.001) to maintain a therapeutic ACT level. 23 In the RE-CIRCUIT (Randomized Evaluation of Dabigatran Etexilate Compared to warfarIn in pulmonaRy Vein Ablation: Assessment of an Uninterrupted periproCedUral alntIcoagulation sTrategy) trial, the investigators randomised patients undergoing catheter ablation to uninterrupted dabigatran versus warfarin therapy. Rates of thromboembolic events were equally low on both treatment arms, but the use of dabigatran was associated with significantly fewer bleeding events compared with warfarin during the procedure and up to 8 weeks after ablation (1.6% versus 6.9%, p<0.001). 24 Similar studies are currently underway for apixaban and edoxaban. Based on the current evidence, DOACs should generally be considered a safe and effective alternative to warfarin for stroke prevention during catheter ablation procedures.
Use in patients after percutaneous coronary intervention
Patients with AF who undergo PCI present specific challenges. Dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 inhibitor are the standard regimen after coronary stent placement to prevent stent thrombosis. 25 With DAPT added onto anticoagulant therapy with warfarin or a DOAC, while effective at reducing ischaemic stroke and cardiovascular events, this 'triple therapy' combination is associated with a significant increase in risk of bleeding. 35 38 Further studies are underway to explore the use of edoxaban-and apixaban-based antithrombotic regimens following PCI. 39, 40 The cumulative evidence across WOEST, PIONEER and EUROPEAN JOURNAL OF ARRHYTHMIA & ELECTROPHYSIOLOGY RE-DUAL has not shown a significant difference in thromboembolic risk and recommends against the routine use of long-term triple therapy.
The necessity of triple therapy will have to be considered based on individual thrombotic and bleeding risk. 41 Patients undergoing transcathetic aortic valve replacement 
Reversal agents
Despite their ease of use and lack of required therapeutic monitoring, during the early days when DOACs were available on the market, the lack of antidote or reversal agents was a major worry to clinicians and patients alike. Clinicians were concerned that unlike heparin or warfarin, which have specific reversal agents, major bleeding occurring during DOAC therapy would be hard to manage, especially in patients with renal dysfunction, which may prolong the half-life of the medications. 42 If massive ingestion of a DOAC is suspected within the past 1-2 hours, activated charcoal can be used to reduce gastrointestinal absorption. 43, 44 Other supportive care, including mechanical compression of the bleeding site, fluid repletion, blood transfusion and administration of fresh frozen plasma can be initiated. For major bleeding with dabigatran, current American Heart Association guidelines recommend intravenous idarucizumab, a monoclonal antibody to dabigatran, at a dose of 5 g for the immediate reversal of the drug effect. 44 The RE-VERSE AD (Reversal of Dabigatran Anticoagulant Effect With Idarucizumab) trial demonstrated that patients who received idarucizumab can have their thromboplastin time and ecarin clotting time normalised within minutes. 45 Adexanat alfa, a recombinant modified human factor Xa decoy protein that is catalytically inactive but that retains the ability to bind factor Xa inhibitors in the active site with high affinity, has been approved as an antidote to factor Xa inhibitors, including rivaroxaban and apixaban. One study in patients receiving the two DOACs demonstrated that adexanet alfa reduced anti-Xa activity in apixaban patients by 100% and by 92% in rivaroxaban patients. 46 In another study in patients who had major bleeding with rivaroxaban and apixaban, haemostasis was achieved in 79% of patients. However, thrombotic events occurred in 18% of patients in 30-day follow-up. 47 The availability of reversal agents will ease some concern in clinical practitioners in terms of use of DOACs in patients who have a higher risk of bleeding.
Conclusion
With the results of the four landmark DOAC trials, direct thrombin inhibitor and factor Xa inhibitors have been established as safe and effective alternatives to warfarin for anticoagulation in non-valvular AF. Given their rapid onset of action, relatively simple dosing and no requirements for routine monitoring, this class of medications may allow a larger portion of patients with AF to be optimally anticoagulated. As their use becomes more prevalent, it is important to further examine the use of these agents in patients with AF who also have other high incidence co-morbidity, such as chronic kidney disease, valvular disease and prosthesis and coronary artery disease, especially those requiring PCI. Overall, the results available to date suggest that DOACs are generally well tolerated across a wide spectrum of patients with AF, including those with mild-to-moderate renal dysfunction, obesity and valvular heart disease based on a post-hoc analysis of the original landmark trials. [7] [8] [9] [10] [11] [12] The use of DOACs in patients with a mechanical heart valve is not recommended due to an increase in thrombotic risk. The use of DOACs routinely in addition to DAPT increases bleeding risk; however, removal of aspirin from the regimen allows equivalent efficacy in terms of preventing cardiovascular events without increased risk of bleeding. Furthermore, patients with AF often require procedures, such as electrical cardioversion or catheter ablation. DOACs can be safely used around these procedures.
Reversal agents are also now available should major bleeding occur;
this will continue to expand the use of DOACs. Future research should continue to explore the use of DOACs in other special populations, such as obesity, pregnancy and in other coagulation disorders where warfarin is the current preferred agent.
